We have analysed the role of RBR (retinoblastoma related), the Arabidopsis homologue of the tumour suppressor Retinoblastoma protein (pRb), during meiosis. We characterise the rbr-2 mutation, which causes a loss of RBR in male meiocytes. The rbr-2 plants exhibit strongly reduced fertility, while vegetative growth is generally unaffected. The reduced fertility is due to a meiotic defect that results in reduced chiasma formation and subsequent errors in chromosome disjunction. Immunolocalisation studies in wild-type meiocytes reveal that RBR is recruited as foci to the chromosomes during early prophase I in a DNA double-strand-break-dependent manner. In the absence of RBR, expression of several meiotic genes is reduced. The localisation of the recombinases AtRAD51 and AtDMC1 is normal. However, localisation of the MutS homologue AtMSH4 is compromised. Additionally, polymerisation of the synaptonemal complex protein AtZYP1 is abnormal. Together, these data indicate that loss of RBR during meiosis results in a reduction of crossover formation and an associated failure in chromosome synapsis. Our results indicate that RBR has an important role in meiosis affecting different aspects of this complex process.
Introduction
Meiosis is a specialised cell division in which a single round of DNA replication is followed by two rounds of nuclear division to produce four haploid products. In most species, recombination between homologous pairs of chromosomes is an essential feature of meiosis. Recombination during prophase I of meiosis results in genetic crossover (CO) formation, which establishes physical links between the homologues that are cytologically visible as chiasmata (Jones, 1984; Jones and Franklin, 2006) . The chiasmata, in conjunction with sister chromatid cohesion, which is established during or soon after S phase, facilitates accurate chromosome disjunction at the metaphase I-to-anaphase I transition. At this first division, sister chromatid cohesion is lost along the chromosome arms, but is maintained at the centromeric region. This allows segregation of the homologues, but maintains the inter-sister chromatid links until the second meiotic division.
In budding yeast, recombination is initiated by the formation of DNA double-strand breaks (DSBs) catalysed by the topoisomerase-related protein Spo11 (Keeney et al, 1997) . The DSBs are then resected to generate 3 0 -single-stranded tails that interact with the RecA homologues Rad51 and Dmc1 to form nucleoprotein filaments. The filament on one side of the break then invades the homologous duplex DNA of one of the two non-sister chromatids to form a stable single-end invasion intermediate. The displaced DNA strand forms a D-loop that extends as the invading strand is extended. This enables the capture of the 3 0 -end on the other side of the break. Subsequent ligation of the broken DNA strands results in the formation of the double Holliday junction (dHj) recombination intermediate that is then resolved to form a CO (reviewed in Neale and Keeney, 2006) . Studies suggest that meiotic recombination in Arabidopsis shares many features in common with that of budding yeast and mammals (Hamant et al, 2006) , although some differences have emerged during evolution. For instance, DSB formation in Arabidopsis involves two Spo11 paralogues, AtSPO11-1 and AtSPO11-2, rather than a single Spo11 protein in yeast (Grelon et al, 2001; Stacey et al, 2006) .
A prominent feature of meiosis is that the chromosomes undergo spatial and structural reorganisation that are dependent on the recombination machinery. At leptotene, the sister chromatids form looped chromatin arrays that are associated by a closely apposed linear protein axis that is elaborated along the base of each looped array. Recombination complexes assemble at Spo11-dependent DSBs that form at sites within chromatin loops that have become spatially associated with the chromosome axes (reviewed in Zickler and Kleckner, 1999) . In most organisms, this enables alignment of the homologous chromosomes and requires the activity of the strand-exchange proteins Rad51 and Dmc1 that are recruited to the break site following strand resection. The mechanism of chromosome alignment is likely the same in Arabidopsis, as loss of AtDMC1 results in asynapsis, such that only univalent chromosomes are observed at metaphase I (Doutriaux et al, 1998; Sanchez-Moran et al, 2007) . During zygotene, assembly of the synaptonemal complex (SC) occurs. This is a tripartite proteinaceous structure that intimately links the homologous chromosomes along their entire length (Page and Hawley, 2004) . Completion of SC formation denotes the onset of pachytene, during which recombination is completed. At the end of pachytene, the SC breaks down and the chromosomes condense during diplotene/diakinesis to reach a maximum condensation at metaphase I before the first meiotic division. This is followed by the second meiotic division, leading to the formation of a tetrad containing four haploid spores. Each spore undergoes two mitotic divisions, leading to the development of mature pollen.
Although meiosis is not a cell cycle, coordination and progression through meiosis requires many of the components of the mitotic cell cycle (Marston and Amon, 2004) . Cyclin-dependent kinases (CDKs) have been extensively studied in the context of the mitotic cell cycle in yeast, mammals and plants. They are also required during meiosis (Kishimoto, 2003; McKim and Hawley, 1995) . Studies in budding yeast have shown that the CDK, Cdc28, forms a complex with B-type cyclins to promote chromosome replication before the onset of meiosis and has a role in the formation of Spo11-dependent DSBs (Stuart and Wittenberg, 1998; Henderson et al, 2006) . Cdc28 has also been shown to be required for normal SC formation, indicating that it has an important role in meiotic chromosome morphogenesis (Zhu et al, 2010) . A cdk2 knockout mouse was found to be defective in SC formation, indicating that CDKs are also important during meiosis in multicellular organisms (Ortega et al, 2003) . Relatively little is known about the meiotic role of cell-cycle regulators in plants. SOLO DANCERS (SDS) is thought to encode a plant-specific cyclin that is required for chromosome synapsis and recombination during prophase I in Arabidopsis (Wang et al, 2004) . A second cyclin, CYCLIN A1;2, encoded by TARDY ASYNCHRONOUS MEIOSIS (TAM) is required for timely and synchronous meiotic progression (Magnard et al, 2001) . A weak allele of the CDKA (CDKA;1), which is the Arabidopsis homologue of Cdk2/ Cdc28, was shown to affect meiosis (Dissmeyer et al, 2007) . Plants carrying the cdka;1 allele appeared to initiate meiosis normally, but cytokinesis occurred after the first meiotic division rather than after the second division. SMG7, an Arabidopsis protein that is thought to have a role in nonsense-mediated RNA decay, is proposed to promote exit from meiosis by regulating CDK activity (Riehs et al, 2008) .
The human tumour suppressor gene retinoblastoma (Rb) is an important target for CDK phosphorylation during the cell cycle, wherein it regulates the G1/S transition by acting as a repressor of E2F transcription factors (E2Fs; Friend et al, 1986) . Activated CDK-cyclin complexes phosphorylate Retinoblastoma protein (pRb) at a later stage of G1 phase causing the protein to lose its binding affinity for E2Fs (Weinberg, 1995) . E2Fs then regulate the expression of a variety of genes required for cell-cycle progression and cell differentiation (Dimova and Dyson, 2005) . The Rb-E2F pathway is also conserved in plants (Shen, 2002) .
In addition to its key cell-cycle regulatory function, pRb also recruits chromatin remodelling factors that exert a broad range of cellular functions distinct from cell-cycle control (Brehm and Kouzarides, 1999) , including cell fate regulation (Macaluso et al, 2006) , senescence (Funayama and Ishikawa, 2007) and apoptosis (Harbour and Dean, 2000) . pRb also interacts directly with structural chromatin components such as condensins (Longworth et al, 2008 ) and origin of replication proteins (Ahlander et al, 2008) . In mice, knockout of Rb function causes excessive proliferation and abnormal placental development, leading to embryonic lethality (Clarke et al, 1992; Jacks et al, 1992; Lee et al, 1992; Wu et al, 2003) .
The Arabidopsis genome contains a single Rb-related gene (RBR; Ebel et al., 2004) . The loss of function of RBR prevents proper gametogenesis, leading to extremely reduced transmission of rbr alleles. RBR is also expressed in adult cells; however, analysis of this role has been restricted because of the profound effect that its loss has on embryogenesis. RNA interference using a root-specific promoter allowed downregulation of RBR in Arabidopsis roots, revealing that the protein regulates root stem-cell maintenance (Wildwater et al, 2005) . Ectopic expression and repression of RBR transcription in somatic tissues have enabled further progress towards gaining a fuller understanding of the role of the protein during post-embryonic development (Park et al, 2005; Desvoyes et al, 2006; Wyrzykowska et al, 2006; Borghi et al, 2010) .
Thus far, a role for pRb or RBR in meiosis has not been established. The animal germ line is difficult to manipulate. However, establishment of the germ line in plants takes place during post-embryonic development and is, therefore, amenable to genetic dissection . The diploid vegetative phase dominates the life cycle until flowers are produced. Flowers bear sexual organs in which meiosis takes place, and produces haploid structures in which gametes differentiate Drews and Yadegari, 2002) . Thus, despite the fact that loss of RBR is gametophyte lethal, it has been possible to investigate the role of RBR during both male and female gametogenesis by taking advantage of the fact that half the gametes produced by a heterozygous rbr mutant possess a wild-type copy of the gene and the remainder carry a defective allele (Ingouff et al, 2006; Johnston et al, 2008 , Chen et al, 2009 . As a result, it has been established that the primary defect in both male and female gametogenesis is a failure in cell-cycle regulation, leading to overproliferation of the cells within the developing gametophyte. Consequently, genetic transmission of mutant rbr alleles is completely prevented on the female side and strongly reduced on the male side.
In this study, we have been able to take advantage of this reproductive programme to determine the potential role of RBR in meiosis. We provide evidence that clearly indicates a crucial role for RBR during prophase I of meiosis. Our studies reveal that loss of RBR results in reduced CO formation and aberrant chromosome synapsis, leading to chromosome mis-segregation and gamete lethality.
Results
The rbr-2 allele results in aberrant RBR mRNA splicing and is associated with reduced fertility As loss of RBR results in cellular proliferation in the male gametophyte, it was postulated that it would be possible to rescue paternal transmission of an rbr mutant in a heterozygous background by downregulation of CDKA;1, as this would be expected to restore cellular proliferation in the rbr pollen to the wild-type level (Chen et al, 2009) . When this hypothesis was tested in a rbr-2/ þ ; cdka;1/ þ background, the proportion of viable pollen increased in line with expectation (Chen et al, 2009 ). Subsequently, we found that maternal transmission of rbr-2 was also rescued by cdka;1 (Table I) . However, an unanticipated outcome to these experiments was the finding that a quarter of the progeny from rbr-2/ þ ; cdka;1/ þ self-fertilised plants were rbr-2 homozygous plants. This indicated that rbr-2 homozygous seeds survived, irrespective of the presence of CDKA;1 ( Figure 1A ). This rescue was not observed with the allele rbr-3 (Table I) , which suggested special properties associated with the rbr-2 allele. Although, the vegetative growth of rbr-2 homozygote plants revealed some differences to that of wildtype plants, such as an increase in hypocotyl length and a slight elevation in ploidy level, no dramatic effects were apparent ( Figure 1A , Supplementary Figure S1A and B). This was surprising because earlier reports had shown that partial loss of RBR causes hyperproliferation and alters differentiation in various vegetative cell types (Ingouff et al, 2006; Park et al, 2005; Rossi et al, 2003; Sabelli et al, 2005; Wildwater et al, 2005; Wyrzykowska et al, 2006) . However, the rbr-2 plants exhibited a large reduction in fertility ( Figure 1A) , producing approximately 1-5 seeds per silique, compared with wild-type plants, which produce between 50 and 60 seeds per silique. Molecular analysis of rbr-2 revealed the presence of two RBR transcripts in vegetative tissues (Supplementary Figure  S2A) . Expression of the full-length RBR product was nearly normal (Supplementary Figure S1C) . However, it was reduced in bud tissues, which comprised both vegetative somatic tissues and meiocytes ( Figure 1C ). DNA sequencing indicated that the novel shorter form resulted from an aberrant splicing event caused by the presence of the T-DNA insert in an intron in the rbr-2 allele (Supplementary Figure S2B ). The T-DNA insert could also be spliced out with intron 12 to generate a transcript identical to the wild-type RBR transcript. The alternate form removed exon 12 and the remaining five base pairs from intron 13 (5 0 -ATAAG-3 0 ), resulting in a truncated RBR transcript. The shorter transcript was predicted to produce a truncated RBR protein (RBR_m) devoid of the B-box (Supplementary Figure S2C) , which is essential for RBR function (Brehm et al, 1998) .
Expression of RBR protein in wild-type and rbr-2 meiocytes during prophase I
The reduced fertility observed in rbr-2 was consistent with an effect on meiosis. We investigated further the intracellular distribution of RBR during meiosis. To selectively detect the full-length RBR protein, we raised an anti-RBR peptide antibody (Ab), against a sequence within the RBR C-terminal region (RBR-C; see Materials and methods) that was predicted to be absent in the product of the shorter transcript. We also used an Ab (designated as anti-RBR-N) raised against the amino-terminal region (amino acids 1-374; Borghi et al, 2010) to detect the expression of the predicted truncated RBR protein together with the full-length RBR protein. We detected a single band of B125 kDa when protein blots from leaf tissues were probed with anti-RBR-N and anti-RBR-C antibodies ( Figure 1B ). Although low amounts of mutantspliced RBR transcripts were detected in leaf tissues (supplementary Figure 2A ), the anti-RBR-N Ab did not detect a band corresponding to the truncated RBR protein with the expected lower molecular weight. This suggests that either the amount of truncated protein in leaf tissue is below the detection threshold or that this truncated protein is degraded. It would appear that wild-type RBR and the truncated product are both expressed in vegetative cells with no major development effects (Supplementary Figure S1 ). In addition, when the truncated transcript was expressed under the RBR promoter in transgenic wild-type lines, their vegetative phenotype was indistinguishable from that of the rbr-2 mutant. In contrast to rbr-2, the transgenic plants expressing RBR_m appeared fully fertile (three transgenic lines observed and n ¼ 10 siliques per line). This suggested that the truncated RBR_m protein encoded by the rbr-2 allele did not negatively compete with RBR when co-expressed in a wild-type background. In summary, vegetative tissues of rbr-2 plants expressed levels of wild-type RBR that did not affect development.
In buds containing meiocytes from rbr-2 plants (400-800 mm in length), we detected a lower amount of unspliced wild-type RBR transcript than in wild-type buds ( Figure 1C ). However, most cells within a developing bud are vegetative in nature and only a small proportion are reproductive. Thus, any differences in RBR expression in reproductive cells would be potentially masked. It is also possible that RBR expression levels in wild-type meiocytes is relatively much higher than in surrounding wild-type somatic cells, which would explain the unexpected high impact of rbr-2 on the level of wild-type RBR transcript. To assess and compare the distribution of RBR protein during meiosis in wild type and rbr-2, immunolocalisation studies were conducted on chromosome-spread preparations from pollen mother cells (PMCs) during prophase I using anti-RBR-C antibodies (Figure 2A-E) . In wildtype meiocytes, the RBR protein was found to localise along the chromosome axes forming numerous foci (96±7, n ¼ 5) during late G2/early leptotene ( Figure 2A ). As prophase I progressed, the number of RBR foci decreased, with 38 ( ± 2, n ¼ 5) foci detectable at zygotene, which was reduced to 18 (±2, n ¼ 5) foci at pachytene ( Figure 2B and C). The RBR protein was not detected at later stages (data not shown). When chromosome-spread preparations from rbr-2 meiocytes were analysed, we could not detect RBR protein ( Figure 2D ). In contrast, immunolocalisation of RBR on chromosomespread preparations from wild-type meiocytes using the anti-RBR-N Ab was indistinguishable from that using the RBR-C Ab ( Figure 2F-H) . When the anti-RBR-N Ab was applied to chromosome spreads from rbr-2 meiocytes, numerous chromosome-associated foci were detected at early leptotene, and their number reduced as prophase I progressed ( Figure 2I ). As these foci were not detected with the RBR-C Ab, it seems likely that they correspond to the predicted truncated RBR_m protein encoded by the spliced RBR transcript. In conclusion, in rbr-2 meiocytes, the truncated RBR_m is by far the major protein encoded by RBR, suggesting that rbr-2 meiocytes essentially produce the spliced RBR transcript. As reported above, the expression of truncated RBR_m under the control of pRBR promoter does not cause any phenotype change, suggesting that the absence of wild-type RBR protein is the basis for the reduced fertility in rbr-2 plants.
Loss of RBR reduces meiotic gene expression RBR controls transcription, at least in part, by inhibiting E2Fs (Macaluso et al, 2006) . A large number of Arabidopsis genes involved in meiosis contain the consensus E2F-binding sites and might be E2F regulated (Supplementary Table S1 ). Hence, given the lack of wild-type RBR expression in rbr-2 meiocytes and reduced fertility, we investigated whether loss of protein affected meiotic gene expression in buds (approximately 400-800 mm in length). In rbr-2 buds containing meiocytes, the expression of genes important for meiotic events during prophase I, including AtMSH4 Table S1 ) suggested that RBR may act directly on E2F to regulate the expression of key meiotic proteins, it was also possible that the absence of RBR in meiocytes had indirect effects on transcription of meiotic genes. This was suggested by the fact that the loss of RBR does not affect the expression of CDC45 (Stevens et al, 2004) , although its promoter contains a putative E2F-binding site, but does affect the expression of meiotic genes AtMSH4, AtRAD51 and AtRAD51C, the promoter of which does not contain an E2F-binding site ( Figure 1C and Supplementary Table S1 ).
rbr-2 is defective in CO formation and synapsis
To confirm that the reduced fertility observed in rbr-2 was due to an effect on meiosis and to establish its nature, a cytological analysis of chromosome-spread preparations from PMCs of mutant and wild-type plants was carried out (Figure 3 ). All meiotic stages were observed in rbr-2, indicating that loss of RBR does not prevent initiation and progression of the meiotic programme. Nevertheless, a number of meiotic defects were clearly apparent, and it was notable that the size range of the buds containing meiocytes in prophase I was much greater for rbr-2 than for wild type. In both cases, buds of B400 mm length contained meiocytes at leptotene. In wild type, buds of B600 mm had completed meiosis and contained only tetrads, but at this stage, rbr-2 buds still contained cells at zygotene/diplotene. Tetrads were not observed in rbr-2 buds shorter than 800-900 mm. In addition, several different stages were often observed in meiocytes from anthers within the same bud, whereas wild-type anthers from the same bud contain meiocytes at more or less the same meiotic stage . This suggested that loss of RBR may affect the rate of meiotic progression. During early prophase I (leptotene), rbr-2 nuclei were indistinguishable from that of wild type ( Figure 3A and F). However, in contrast to wild type, which progressed through zygotene to achieve full chromosome synapsis at pachytene, the majority of rbr-2 chromosomes appeared to achieve only partial synapsis, with unpaired chromosome axes clearly visible ( Figure 3B and G). This was confirmed by immunolocalisation of the SC transverse filament protein AtZYP1 that marks synapsed chromosomes and AtASY1, a component of the chromosome axes (Higgins et al, 2005; Armstrong et al, 2002; Sanchez-Moran et al, 2007) . In wildtype meiocytes, AtZYP1 polymerisation commenced at zygotene, forming a linear signal between each homologous chromosome pair. By pachytene, the AtZYP1 signal was continuous, denoting formation of the mature SC ( Figure 4A ). In contrast, the polymerisation of AtZYP1 in the rbr-2 nuclei was incomplete or occasionally absent ( Figure 4B ). In the wild-type meiocytes, AtASY1 dissociates from the axes during pachytene/early diplotene, as the SC breaks down ( Figure 4C and E). In rbr-2 meiocytes, AtASY1 localisation appeared normal during much of prophase I, but it did not dissociate in a timely manner and persisted through to diakinesis ( Figure 4D and F) .
Wild-type diakinesis is marked by closely apposed homologous chromosome pairs (bivalents) linked by chiasmata, the cytological manifestation of genetic COs ( Figure 3C ). In contrast, the corresponding rbr-2 chromosomes appeared to be longer than wild type (mean length 60.06 versus 50.17 mm, respectively; Po0.05) and most lacked chiasmata ( Figure 3H ). At metaphase I, the wild-type nuclei contained five bivalents ( Figure 3D ), which following the first and second meiotic divisions formed normal tetrads ( Figure 3E) . However, at metaphase I, most of the chromosomes in the rbr-2 nuclei were present as univalents ( Figure 3I ) that missegregated, leading to the formation of four meiotic products, some containing fewer and others more than the wild-type complement of five chromosomes ( Figure 3E and J) . FISH analysis of metaphase I chromosomes confirmed the reduction of the number of chiasmata in rbr-2 nuclei to an average of 1.7 (n ¼ 76), compared with 9-10 chiasmata typically detected in wild-type nuclei ( Supplementary Figure S3A and B; Higgins et al, 2004) . In addition, close inspection of the rbr-2 nuclei suggested a tendency for precocious separation of the sister chromatids ( Figure 3I ). Although, there was no suggestion of a problem with sister chromatid cohesion at diakin- esis, this observation could suggest some underlying problem, particularly as the transcription analysis suggested that expression of AtSMC3, which encodes one of the subunits of the cohesin complex (Lam et al, 2005) , was significantly reduced ( Figure 1C) . However, immunolocalisation on chromosome-spread preparations from rbr-2 meiocytes using an anti-SMC3 Ab suggested that there was no obvious deficiency of the protein (Supplementary Figure 3E  and F) . Moreover, we have observed a tendency for sister chromatid separation at metaphase I in other Arabidopsis mutants, such as Atmsh4 and Atmsh5, that have low levels of chiasma frequency, yet presumably normal expression of the cohesion complex (JD Higgins and FCH Franklin, unpublished observation; Supplementary Figure 3C and D). Although, a subtle effect could not be excluded, it would appear there are no major defects in sister chromatid cohesion in rbr-2.
Loss of RBR affects recruitment of meiotic proteins
Immunolocalisation studies using a panel of antibodies were conducted to gain further insight into the basis of the meiotic defects identified in rbr-2. In Arabidopsis, initiation of meiotic recombination is dependent on the formation of DNA DSBs by AtSPO11-1 and AtSPO11-2 (Grelon et al, 2001; Stacey et al, 2006) . DSBs may be detected using an Ab to monitor phosphorylation of histone H2AX (gH2AX) at the break site (Mahadevaiah et al, 2001 ). In rbr-2, we detected gH2AX foci at wild-type levels (4100) in early prophase I ( Figure 5A and B). This indicated that RBR was not required for DSB formation. However, the formation of RBR foci observed in wild-type meiocytes ( Figure 2E and J). This suggests that formation of RBR foci is dependent on the formation of DSBs.
During crossing over in budding yeast, the meiotic-specific recombinase Dmc1, either in conjunction with or independently of the general recombinase Rad51, catalyses invasion of homologous DNA sequences on one of the non-sister chromatids by the single-stranded DNA from one side of the DSB (Neale and Keeney, 2006) . Although, it has not been demonstrated biochemically, analysis of the corresponding Arabidopsis proteins AtDMC1 and AtRAD51 would suggest that this process is conserved in plants (Couteau et al, 1999; Doutriaux et al, 1998; Sanchez-Moran et al, 2007) . Immunolocalisation of AtDMC1 and AtRAD51 in chromosome spreads from wild-type and rbr-2 meiocytes at leptotene were indistinguishable revealing, in both cases, the accumulation of 4100 axis-associated foci ( Figure 5C-F) .
In Arabidopsis, wild-type levels of chiasma formation are dependent on the combined activity of the MutS homologues AtMSH4 and AtMSH5 (Higgins et al, 2004 ; Higgins et al, 2008b). Immunolocalisation of AtMSH4 on chromosomespread preparations from wild type revealed numerous (4100) foci that were first detectable at late leptotene ( Figure 5G ). These then gradually reduced in number throughout zygotene, with only a few foci (o10) persisting until mid-pachytene (Higgins et al, 2004) . The number of AtMSH4 foci detected in rbr-2 meiocytes at late leptotene was drastically reduced. In the majority of nuclei (12/22) AtMSH4 foci were entirely absent, with fewer than 50 detected in each of the remaining nuclei inspected ( Figure 5H ). In wild-type Arabidopsis, it appears that the sites of COs are marked by the MutL homologue, AtMLH1, which is believed to promote CO formation (Wang et al, 1999) . Dual immunolocalisation in wild-type meiocytes of AtMLH1 together with AtZYP1 reveals 9-11 AtMLH1 foci associated with a fully synapsed SC at pachytene ( Figure 4A ). In rbr-2, the number of AtMLH1 foci was typically in the range 1-3 ( Figure 4B ). These co-localised to the short stretches of linear AtZYP1 that were present in the mutant. Thus, the reduction in AtMLH1 in rbr-2 corresponded with the reduction in chiasmata observed at metaphase I in the mutant.
The number and turnover of RBR foci observed in wildtype meiocytes during prophase I was similar to that previously observed for AtDMC1 and AtMSH4 (Higgins et al, 2004; Sanchez-Moran et al, 2007) . It was of interest to determine whether there was evidence of co-localisation between RBR and the recombination pathway proteins. Dual immunolocalisation of RBR and AtDMC1 in wild-type meiocytes at leptotene showed numerous foci corresponding to each protein associated with the chromosomes at this stage. In many cases, the foci appeared to co-localise (co-localisation 44% ± 3, n ¼ 10) or show a close association, but this was incomplete (Figure 6A-D) . Dual labelling of RBR and AtMSH4 revealed a similar overlap of foci at leptotene (co-localisation 43%±2, n ¼ 10), but this reduced to only 19% ( ± 4.6%, n ¼ 5) at zygotene ( Figure 6E-H) . Co-localisation controls suggested that B40% of these could be random associations.
Loss of RBR compromises both Class I and Class II COs
Previous studies have shown that CO formation in Arabidopsis, as in budding yeast, occurs via at least two pathways. Class I COs, which account for B85% of the total, are dependent on AtMSH4 and exhibit CO interference, the phenomenon whereby COs do not occur in close proximity to each other (Higgins et al, 2004; Jones and Franklin, 2006) . The remaining Class II COs, some of which are dependent on AtMUS81, do not exhibit CO interference (Higgins et al, 2008a) . Although, CO formation is dramatically reduced in rbr-2, it is not absent. Indeed, the mean CO frequency at 1.7 is similar to that observed in Atmsh4 (Higgins et al, 2004 (Higgins et al, , 2008a . This could imply that RBR is primarily involved in the formation of Class I COs. To clarify whether RBR is implicated in Class I COs or both Class I and II, we constructed an Atmsh4/rbr-2 double-knockout line. Chiasma counts on metaphase I chromosome-spread preparations from homozygous mutants revealed that the mean chiasma frequency was significantly reduced compared with the Atmsh4 single mutant (0.45 versus 1.29, n ¼ 115; Po0.001). This indicates that RBR is important for normal levels of both Class I and Class II COs.
Discussion
The isolation of a homozygous rbr-2 line has enabled us to investigate the role of RBR during meiosis. Our studies have revealed that loss of RBR results in a reduction in the formation of meiotic COs and a failure of chromosome synapsis, leading to a dramatic reduction in fertility.
RBR_m is specifically expressed in rbr-2 meiocytes
Although the wild-type RBR protein was expressed in vegetative cells in the rbr-2 line, only the truncated RBR_m form was detected in meiocytes. DNA sequence analysis suggested that this was due to an aberrant splicing event. Cell-typespecific splicing is common in vertebrates (Matlin et al, 2005) , but has rarely been observed in plants. There is extensive evidence of meiosis-specific splicing in other species such as budding yeast, fission yeast and mouse (Engebrecht et that alternative splicing might have a role during plant meiosis. However, in Arabidopsis, mutations in genes encoding essential components of the spliceosome affect gametogenesis, which supports the existence of splicing activity unique to gametes in plants ( Gross-Hardt et al, 2007; Moll et al, 2008) . Although the expression of RBR_m arises from an aberrant splicing event, it does perhaps highlight some differences in the activity of the splicing machinery in meiocytes compared with vegetative cells.
RBR is essential for inter-homologue recombination and synapsis
It would appear that early events in the meiotic pathway occur normally in rbr-2. As RBR is a negative regulator of the G1/S transition in mitotic cells (Friend et al., 1986) , and hence most probably in meiocytes, the loss of RBR activity is not expected to prevent meiotic S phase. DSB formation occurs at or near wild-type levels, and there is no evidence of DNA fragmentation in rbr-2. This suggests that despite reduced CO formation, the DSBs are efficiently repaired, either through non-CO recombination or via repair using a sister chromatid as the repair template. Our studies indicate that loss of RBR does not prevent meiotic progression, but it may delay progression through prophase I. In many organisms, mutations in recombination proteins lead to the activation of checkpoints that result in meiotic arrest or apoptosis (Roeder and Bailis, 2000) . Whether similar checkpoints existed in Arabidopsis was initially a matter of debate, as many recombination mutants complete meiosis. However, mutants lacking AtTOP3a and AtRMI1/BLAP75, which are implicated in the dissolution of dHjs, undergo arrest at telophase I (Chelysheva et al, 2008; Hartung et al, 2008) . Mutants defective in recombination pathway proteins such as AtMSH4 and AtMLH3 show a significant delay in prophase I progression (Higgins et al, 2004; Jackson et al, 2006) . Despite a reduction in CO formation in these mutants, there is no evidence of chromosome fragmentation, indicating that DSBs are eventually repaired. Extrapolating from studies in budding yeast, it has been proposed that an intra-prophase I surveillance system that detects recombination defects may delay prophase I progression in Arabidopsis until DSB repair is complete (Boerner et al, 2004; Jackson et al, 2006) . Thus, it seems likely that the delayed prophase I progression in rbr-2 is due to a recombination defect rather than a direct consequence of the loss of RBR.
In Arabidopsis, inter-homologue recombination requires the activity of the meiosis-specific recombinase AtDMC1. Loss of the protein results in a complete absence of chiasmata. No chromosome fragmentation is observed at metaphase I. This suggests that the AtSPO11-induced DSBs are efficiently repaired using the sister chromatid as the repair template (Couteau et al, 1999; Doutriaux et al, 1998; Sanchez-Moran et al, 2007) . Following strand-exchange and stable single-end invasion, subsequent CO formation requires the activity of AtMSH4 (Higgins et al, 2004) . In rbr-2 meiocytes, AtDMC1 localisation appears normal, while AtMSH4 foci are reduced or absent. Formation of the SC is also compromised with little polymerisation of the transverse filament protein AtZYP1. Loss of AtDMC1 results in a complete failure of SC formation (Couteau et al, 1999; Doutriaux et al, 1998; Sanchez-Moran et al, 2007) . In contrast, Atmsh4 forms an intact SC, although with some delay (Higgins et al, 2004) . Thus, in this respect, rbr-2 resembles Atdmc1 rather than Atmsh4. Together, these observations suggest that RBR has a critical role at some early stage in the recombination pathway following DSB formation and AtDMC1 loading, but before subsequent AtMSH4 loading. This is supported by our finding that RBR is essential for normal levels of both Class I and Class II COs.
The effect of rbr on meiotic gene transcription is probably not the basis of the meiotic defect in rbr-2
In contrast to mice (Satyanarayana and Kaldis, 2009; Susiarjo et al, 2009) , very few plant cell-cycle genes have been found to have roles in meiosis, probably due to the overlapping function of these genes in mitosis and meiosis (Mercier and Grelon, 2008) . Although RBR affect the expression of meiotic genes under the control of a promoter containing a putative E2F-binding factor, RBR appears to activate their transcription. However, a direct control of gene expression by the E2F pathway is usually repressive in somatic tissues (Park et al, 2005; Desvoyes et al, 2006) and in reproductive tissues (Jullien et al, 2008) . In addition, the meiotic genes that are controlled by RBR and E2F are not overexpressed in vegetative tissues that overexpress E2F (Vandepoele et al, 2005) , which suggests that additional transcriptional controls specific to meiotic tissues are required. The fact that rbr-2 also affects the expression of meiotic genes that do not possess a predicted E2F-binding site in their promoter, further supports the idea that the effect of rbr-2 on meiotic gene expression is probably independent from a direct control by E2F.
Although the expression of AtMSH4 and AtZYP1 is reduced in rbr-2, they are nevertheless transcribed at over 60% of the wild-type level. Heterozygous lines carrying a null allele of a wide range of Arabidopsis meiotic genes are fully fertile, suggesting that the pathway is resilient to reductions in gene expression. This is supported by a study of AtSPO11-1 that found that the gene was expressed at B60% of wild-type level in a heterozygous Atspo11-1-4 À/ þ mutant, yet this had no apparent reduction in DSB formation or subsequent chiasma frequency (Roberts, 2010) . Of the meiotic genes included in the analysis of transcription, the cohesin AtSMC3 was most reduced in rbr-2. However, immunolocalisation of AtSMC3 appeared normal; while this is not quantitative, it does suggest that the protein is not substantially depleted.
While there was a tendency for precocious separation of sister chromatids at metaphase I, there was no obvious loss of chromosome cohesion in rbr-2 meiocytes at diakinesis. Precocious sister chromatid separation has been observed in the maize mutant desynaptic (Maguire, 1978) . It is thought that, in this mutant COs are formed at normal levels, but there is a failure to maintain chiasmata because of an underlying cohesion problem. However, there are obvious defects in both recombination and synapsis in Arabidopsis rbr-2, which were not observed in the maize mutant desynaptic. This suggests that the basis of the reduced chiasma frequency in these mutants is different. Furthermore, precocious sister chromatid separation is also observed in recombination pathway mutants such as Atmsh4 and Atmsh5 (Supplementary Figure 3C and D) , in which expression of the cohesin complex is presumably normal. In summary, the level of reduction in meiotic gene expression reported here may be in itself not sufficient to account for the rbr-2 phenotype. Nevertheless, it is potentially a contributing factor, particularly as the expression of several meiotic genes is reduced in parallel.
A link between RBR and recombination
The fact that foci corresponding to RBR and recombination pathway proteins are localised to the chromosomes during early prophase I could suggest that RBR foci form at or in the vicinity of recombination complexes, particularly as they form about the same number of foci at leptotene following and dependent on AtSPO11-1-mediated DSB formation. A study in budding yeast has shown that the CDK, Cdc28, forms foci during early meiotic prophase I, coinciding with the formation of Rad51 foci (Zhu et al, 2010) . However, the level of co-localisation was relatively low at 34%. Determining the degree to which there might be a direct spatial relationship between RBR and recombination complexes containing AtDMC1 and AtMSH4 was subject to the limited resolution afforded by immunofluorescence microscopy using fixed material combined with high numbers of foci present on the chromosomes during early prophase I. Any co-localisation of the RBR and AtMSH4 at zygotene appeared limited, which would support the immunolocalisation studies in rbr-2. Although this suggests that the role of RBR precedes AtMSH4 function in relation to CO formation, further analysis will be required to resolve this issue.
Current evidence suggests that the key elements of the core recombination machinery are conserved between plants and budding yeast (Hamant et al, 2006) . As the latter does not possess an Rb homologue, a direct biochemical interaction between RBR and the recombination machinery is perhaps unlikely, regardless of any spatial relationship. However, studies in budding yeast show that meiotic recombination occurs in the context of chromatin-associated complexes that are juxtaposed to the chromosome axes. Perturbation of the structural organisation of the chromosomes or their underlying axes can adversely influence stable inter-homologue exchange (Kleckner, 2006; Storlazzi et al, 2010) . In Arabidopsis, loss of the chromosome axis protein AtASY1 has been shown to result in the destabilisation of AtDMC1 foci, resulting in a dramatic reduction in CO formation (Sanchez-Moran et al, 2007) . That loss of pRb could directly affect chromosome organisation is supported by the finding that the Drosophila Rb family member RBF1 interacts with the condensin II complex and is essential for proper segregation of mitotic chromosomes (Longworth et al, 2008) . It is therefore of potential significance that in the rbr-2 mutant, the chromosomes at diakinesis are significantly longer than those in wild-type meiocytes at the same stage. In addition, while initial localisation of the chromosome axis protein AtASY1 appears normal in the rbr-2 meiocytes, its depletion from the axes is delayed until diakinesis. Thus, RBR may influence chromosome structure, possibly in the vicinity of recombination sites, to promote the formation of COs. The fact that a few COs can still occur may reflect that, in some cases, DSBs occur at sites where localised modification to the chromosome organisation is not essential. It may be significant that the C-terminus deletion in RBR corresponds to a region that, in other members of the pRb family, interacts with proteins that are important for chromatin remodelling/ modification, such as SWI/SNF, histone deacetylases and histone methyltransferases (Longworth and Dyson, 2010) .
A link between chromosome organisation and recombination progression has been proposed . In this model, meiotic (and mitotic) chromosome conformation undergoes cyclic periods of expansion and contraction, which relate to the status of the chromatin and the underlying axes. In the case of meiosis, these stress/relief transitions are coupled to distinct stages in CO formation, including singleend invasion, to form stable strand-exchange products. The defects observed in rbr-2 are consistent with the mechanisms proposed by such a model. DSB formation is not affected, as RBR does not appear to participate in this event. However, subsequent stress-dependent CO recombination may be compromised because of defects in chromosome/axis organisation arising from loss of RBR, which interferes with programmed stress/relief transitions of the meiotic chromosomes. Interestingly, it has been demonstrated that the transcriptional co-activator, mediator and cohesin interact to provide a link between the gene transcription machinery and chromatin architecture (Kagey et al, 2010) . Furthermore, in Drosophila, RBF1 interacts with the origin recognition complex and chromatin to directly influence DNA replication (Ahlander et al, 2008) . Hence, it is conceivable that RBR may function in an analogous manner to couple meiotic recombination with the cell cycle.
Conclusions
Our study indicates that RBR is important for normal levels of meiotic COs and SC formation in Arabidopsis. Whether the meiotic defects in rbr-2 are attributable to one or more of these will require further investigation. At present there is little evidence as to whether an Rb function in meiosis is widely conserved. E2F-binding elements in genes controlling meiosis have been identified in mice (Kehoe et al, 2008) . In addition, the loss of Rb function in the nematode Caenorhabditis elegans causes sterility of unknown origin (Cui et al, 2004) . Despite the paucity of experimental evidence, given the similarity in meiotic control shared between plants and animals, it seems likely that this role of pRb is conserved in other multicellular organisms.
Materials and methods

Experimental materials
The wild-type ecotype Columbia (Col-0) was provided by the Nottingham Arabidopsis Stock Centre. The Arabidopsis thaliana mutant alleles (Columbia accession) used in this study were rbr-2 (SALK_002946; SALK collection) and cdka-1 (SALK_106809; SALK collection). After 3 days at 41C in dark, seeds were germinated and grown on soil. Plants were cultured in a growth chamber under short days (8 h of light at 201C/16 h of dark at 161C; 60-70% relative humidity) until rosettes were formed. Plants were transferred to long days at 201C (16 h of light/8 h of dark) to induce flowering and grown until seeds were harvested.
RNA extraction and RT-PCR
Sample tissues were collected from Arabidopsis plants and frozen in liquid nitrogen immediately. Tissues were ground by Tissue-lyser machine (Qiagen) and total RNA was prepared using the RNeasy mini kit (Qiagen). DNase treatment was done on 2 mg of total RNA using the Dnase-free kit (Ambion). For reverse transcription, 500 ng of total RNA was incubated at 421C for 1 h with 200 U of murine leukemia virus reverse transcriptase (New England Biolabs) in a 20 ml reaction mixture containing 4 mM oligo (dT) primer, RT reaction buffer, 1 mM deoxynucleotide triphosphate and 40 U of recombinant RNasin ribonuclease inhibitor (Promega). The reaction was terminated by incubation at 901C for 10 min. (Primers used are listed in Supplementary Table S2.) Quantitative real-time RT-PCR Real-time PCR assays were performed using Power SYBR Green PCR Master Mix (Applied Biosystems). A volume of 0.25 ml of the reverse transcript product was used to perform each PCR reaction. Amplification reaction was carried out using specific primers at a concentration of 0.2 mM in a 10 ml reaction mixture. The specificity of the amplification was determined by running a step of dissociation curve analysis. Thermal cycling parameters were 2 min at 501C, 10 min at 951C and 50 cycles of 15 s at 951C and 60 s at 601C. Three technical replicates were carried out for each sample. The PCR reaction and quantitative measurements were achieved with 7900HT Fast Real-Time PCR System SDS2.3 and RQ manager 1.2 software (Applied Biosystems). The DCt was calculated using ACT11 as endogenous control. Western blotting RBR polyclonal Ab recognising RBR-C was produced from rabbit immunised with synthesised peptide of the amino acid sequence: CNRLNNSSSNRKRTL. The cysteine residue was employed for single point, site-directed conjugation to KLH. RBR was quantified by means of SDS-PAGE followed by western blotting. The extracted total protein content of the cleared supernatant was measured (protein assay kit; Bio-Rad) and equal amounts of total protein were loaded. Proteins were separated on a 10% polyacrylamide gel and transferred to PVDF membrane. Polyclonal Ab diluted in the ratio 1:5000 was applied followed by an anti-mouse/rabbit IgG-POD coupled to HRP and visualised by BM Chemiluminescence Western Blotting Kit (Roche).
Cytological procedures
The cytological methods were carried out as previously described (Higgins et al, 2004) . The following antibodies were used in this study: anti-RBR-C terminal (rabbit, 1/200 dilution), anti-RBR Nterminal (Borghi et al, 2010) , anti-AtASY1 (rabbit/rat, 1/500 dilution), anti-AtMSH4 (rabbit, 1/500 dilution), anti-AtZYP1 (rabbit/rat, 1/500 dilution), anti-AtDMC1 (rabbit 1/500 dilution), antiAtRAD51 (rabbit, 1/500 dilution), anti-AtMLH1 (rabbit/rat, 1/200 dilution) and anti-gH2AX (ser 139, Upstate Biotechnology, catalogue no. 07-164; rabbit, 1/100 dilution; Higgins et al, 2004; Higgins et al, 2005; Mercier et al, 2003) . To confirm the specificity of anti-RBR-C Ab, comparative immunolocalisation was conducted on wild type and rbr-2. This confirmed that the signal present in wild type was absent in the mutant (Figure 2A-D) . FISH on metaphase I chromosomes was carried out using the 45S rDNA and 5S rDNA probes, as previously described (Higgins et al, 2004) . Microscopy was conducted using a Nikon 90i Fluorescence Microscope (Tokyo, Japan). Image capture and analysis was carried out using NIS Elements F software (Nikon, Tokyo, Japan).
Statistical procedures
The statistical procedures were carried out as described previously (Higgins et al, 2004) .
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
